The human genome contains dozens of genes that encode for proteins containing long poly-glutamine repeats (polyQ, usually encoded by CAG codons) of 10Qs or more. However, only nine of these genes have been reported to expand beyond the healthy variation and cause diseases. To address whether these nine disease-associated genes are unique in any way, we compared genetic and epigenetic features relative to other types of genes, especially repeat containing genes that do not cause diseases. Our analyses show that in pluripotent cells, the nine polyQ disease-related genes are characterized by an open chromatin profile, enriched for active chromatin marks and depleted for suppressive chromatin marks. By contrast, genes that encode for polyQcontaining proteins that are not associated with diseases, and other repeat containing genes, possess a suppressive chromatin environment. We propose that the active epigenetic landscape support decreased genomic stability and higher susceptibility for expansion mutations.
INTRODUCTION
A large fraction of the genome is composed of repetitions of short DNA sequences. These repetitive sequences challenge DNA replication as well as the transcription, recombination and DNA repair machineries. Repetitive sequences can form unusual DNA structural loops (e.g. hairpin structures), which can interfere with these processes, resulting in expanded repeat tracts inside or outside of genes (1) (2) (3) (4) . Repeat instability is therefore a relatively common form of genetic mutation. Interestingly, the longest TNR expansions are usually found in non-dividing cells, while the short TNR expansions are observed in both dividing and non-dividing cells, and the mechanism of expansion seems to be determined by the cell cycle stage (5, 6) . Similar to all other genetic mutations, repeat expansions are genetically transmitted; however, they are less stable throughout generations. Most notable in relation to human diseases is the family of trinucleotide repeat (TNR) expansions.
Several disorders are caused by TNR expansions inside genes, either in the reading frame, in the untranslated region (UTR), or in regulatory elements (2, 4) . Expansions in non-coding regions of the gene typically induce diseases when the expansion is extremely long (hundreds or even thousands of repeats), while shorter expansions have no effect. Examples for such disorders include Friedreich's ataxia (FRDA / FA), caused by ∼100-1000 GAA TNR expansions in the first intron of the FXN gene, and Fragile X syndrome (FXS), caused by >200 repeat expansions of the CGG TNR in the 5 UTR region of the FMR1 gene (7) . When the repetitive tract resides inside the gene's coding region, the expansions are translated, and therefore alter the protein product, inducing an extended protein. The exact type of expansion within the protein is dependent on the type of the repeat inside the gene.
There are two known groups of disorders induced by TNR expansions in coding regions: poly-glutamine (polyQ) related disorders and poly-alanine related disorders. The repeat lengths associated with the disease in poly-alanine disorders are much shorter (∼12-33) compared with those of polyQ disorders (∼20-200). Poly-alanine diseases are congenital disorders caused by expansions of either GCA, GCG or GCC, resulting in expanded tracts of alanine (A) (7, 8) . By contrast, polyQ disorders are almost always late onset. They are caused by CAG (and more rarely CAA) expansions, resulting in proteins containing an expanded tract of glutamines (Q). In the normal human population, the length of the repeat is quite variable, but comparatively small. When the length of the repeat exceeds a certain threshold, the carrier will develop the disease, with full penetrance (6 widespread neuronal degeneration, in addition to some specific brain areas that are affected the most. The diseases share several pathological characteristics, including the formation of mutant protein cellular aggregates, progressive degeneration that lasts around 15 years eventually leading to patients' death, and a dominant pattern of inheritance (9) . In addition, the age of onset, usually around mid-life, is reversely correlated with the length of the repeat (10) .
Several factors have been associated with repeat instability. First, long repeats are less stable than shorter repeats. Other intrinsic properties of the repeat sequence, such as the genomic orientation of the repeat and the TNR purity affect the level of repeat instability between generations (4,11). The level of instability of TNR length also depends on other features, for example the parental source of the gene affect repeat instability between generations (4). Finally, the genomic context of the genes, e.g. DNA methylation, can also affect repeat instability (6) . In addition, in mice models, insertion of a human repeat tract that includes the human genomic sequence increases repeat instability compared to insertion of the repeat tract without the regulatory sequences (4, (12) (13) (14) (15) . Also supporting the role of genomic context, several chromatin modulators were shown to be necessary for long CAG repeat expansions (16) (17) (18) . Importantly, in many TNR diseases, the expanded version of the gene is associated with an increase in heterochromatin marks and a decrease in euchromatin marks, suggesting that chromatin structure contributes to repeat instability in the mutated version of the genes (19) .
Most of the studies to date have been carried out on disease models that already contained an expanded sequence. However, less is known about the causes for repeat expansions that take place in genes that encode for proteins with repeat tracts within the normal range. In healthy cells, DNA methylation and active histone marks were suggested to be enriched around disease-associated TNRs (20) . Interestingly, CAG repeat expansions in bacterial and yeast models, as well as in vitro models using human cell extracts, demonstrated that even short, normal range, repeat tracts are unstable, with a tendency to expand (21) (22) (23) . Repeat lengths of the nine polyQ disease-related genes in the normal population are much more variable compared to the other CAG repeat containing genes (24) , with relatively stable length of repeat. We do not know, however, which cellular mechanisms contribute to this variability and allow for the expansion of the normal allele. Because the stability of long repeat sequences is linked to chromatin structure, we hypothesized that the chromatin state can also influence the expansion dynamics of short, normal repeats. There are several relevant developmental stages for these expansions. Somatic TNR mutations occur (25) and can affect the severity of the disease pathology (26) . However, recent studies revealed that mutations during early development in progenitor cells are far more frequent than was previously thought, and are more frequent than paternal gamete mutations (27) , suggesting that the expansion mutations can occur very early in the embryonic stage of either the patient or his/her parents. Therefore, we set to investigate the genetic and epigenetic state of TNR-containing genes in human pluripotent stem cells, which represent an early developmental stage, and for which ample data are available (28) .
MATERIALS AND METHODS

Genomic data acquisition
DNA sequences for hg38 (human) and mm10 (mouse) were downloaded from ftp://ftp.ensembl. org/pub/release-90/fasta/homo sapiens/dna/ and ftp: //ftp.ensembl.org/pub/release-91/fasta/mus musculus/dna/, respectively. Gene locations were downloaded from https://genome.ucsc.edu/cgi-bin/hgTables, and protein sequences were downloaded from http://hgdownload. cse.ucsc.edu/goldenPath/hg19/chromosomes/. Maximal numbers of different TNRs were calculated for whole genes and for coding sequence only for each gene variant and the maximal repeat length among all variants was used as the gene representative. Maximal repeat length for different amino-acids was calculated in a similar fashion. Genes and proteins were considered as containing long TNR or amino acids (AA) repeat if they had 10 repeats or more. In order to enable human-mouse comparison, only genes that exist in both datasets were taken into the analysis. For expression calculation, we downloaded expression data in human embryonic stem cells (hESCs) from the GREIN database (http://www.ilincs.org/apps/grein/). Overall, we have curated 35 samples from 12 independent experiments. The 12 datasets that were used were: GSE20301, GSE30567, GSE33480, GSE26880, GSE30995, GSE47117, GSE51607, GSE52133, GSE53094, GSE56152, GSE56796, and GSE61390. ChIP-Seq data were downloaded from BindDB (http://bind-db.huji.ac.il/, (28)). Binding score for each gene was permissively calculated based on all variants, where we considered a gene as bound by a factor if at least one of its variants was bound. Since the promoter region is the main regulatory site of the gene, and since longer genes have a larger probability to be bound by factors in general, we considered only the binding data in the promoter region, defined as −1000 to +1000 relative to the transcription start site (TSS).
Significance level calculations
To test significance for the larger repeat length of the nine polyQ disease-related proteins in human compared to mouse (Figure 2 ), we used a permutation test for the proteins with long (>10) polyQ tract and calculated human-tomouse ratio of the median repeat length among 9 random genes from this group (n = 67, P = 0.0013). This was repeated 100,000 times. To test significance for the enriched binding of transcription factors (TFs) and histone modifications (HMs) on genes that encode for proteins with long AA tracts (Figure 3 ), we first calculated for each factor whether it binds a significantly (P < 0.05) large fraction of the genes with long AA tract, based on the one-sided proportion test null hypothesis defined by the rest of the genes. The expected number of such factors has a binomial distribution, which is used to deduce the significance levels of the actual number of these factors.
The number of factors is 222 in all cases. The number of genes with long repeats, the number of enriched factors (EF) and the corresponding one-sided P values for the 6 
Heterochromatin and active signatures
Activators and repressors were defined based on the correlation-based distance from the repressive histone mark H3K27me3 (in Supplementary Figure S3 activators were defined based on the correlation-based distance from the active histone mark H3K4me3, and repressors were defined based on (29)). To calculate the Z-score of the active or suppressive signature of a given group, we first used for each factor the Z statistic of the proportion test, defined by
where p is the percentage of bound genes by the given factor among the group, p 0 is the percentage of bound genes among all genes and n is the size of the group. Next, we defined the combined Z-score as
where f is the number of related-factors for the suppressive or active signature. The results of this test are translated to the significance of the enrichment/depletion observed by normal distribution, when absolute value of above 1.96 indicates P < 0.05, two-tailed t-test. The nine longest polyQ encoding genes were defined as the nine genes that had the largest repeat lengths and are not polyQ disease-related. The nine similar expression genes ( Figure 4F ) were defined based on the median gene expression of the genes among all hESC datasets. For each of the polyQ disease-related gene, we used the long-polyQ encoding gene that had the smallest (in absolute value) log 2 of the fold-change ratio.
To validate the difference between human and mouse in the Z-score, we ran a permutation test of 100 000 random permutations, where each time nine random genes were chosen and the Z-value difference between human and mouse was measured, for both active and repressive profiles. While the difference between human and mouse in the Zscore of the active signature was not significant, the difference in the repressive signature was significant (P < 0.011).
RESULTS
Number of amino acid repeat tract containing proteins is evolutionarily conserved
The basic feature of the polyQ disease-related genes is that they all contain TNRs encoding the amino acid (AA) glutamine (Q). Q is encoded by either CAG or CAA, and codon bias in humans show that 72% of Qs are encoded by CAGs (30) . In polyQ-stretches, this bias is further exaggerated, with >80% of the Qs encoded by CAGs in stretches of 4Qs or longer (31) . We first asked whether polyQcontaining proteins differ from other polyAA-containing proteins in their repeat length conservation. To examine the AA length conservation, we characterized AA repeatcontaining proteins in the proteomes of different organisms.
Comparing the proteomes of humans, mice and several primates, we observed that Q repeats are not the most common ( Figure 1A ) nor the longest ( Figure 1B ) tracts of AA repeats. Analysing the number of proteins containing long (>10) repeat tracts, we found, as expected, that not all of the 20 AAs form long repeat tracts, and in over 75% of the proteins that contain long repeat tracts, these repeat tracts are comprised of one of only 6 AAs (including glutamine) ( Figure 1A ), as was also previously shown (32) . Among these AAs are Alanine and Serine, which are encoded, among others, by a shifted CAG codon (AGC encodes Serine and GCA encodes Alanine). In addition, the number of repeat-containing proteins for each AA is relatively conserved among primates, while mouse contains sometimes a larger number of AA repeat-containing proteins ( Figure 1A ). This was also true for coding regions at the nucleotide level (Supplementary Figure S1) . To further evaluate the conservation of repeat tracts, we compared the length of repeat tract in human to primates and mouse (Figure 1C) , and found that most of the repeat tract lengths are relatively similar between the species. Interestingly, most of the polyQ disease-related genes also contain a repeat tract of another AA (Supplementary Table S1 ), raising the intriguing idea that those genes might be more susceptible for accumulating repeats.
PolyQ disease-related proteins are evolutionarily unstable
Analysis of the human genome revealed about 50 human genes that contain polyQ-encoding repeat tracts (of 10 or more Qs), but which are not associated with any known polyQ-related disease. Although mice have an overall larger number of polyQ containing proteins ( Figure 1A) , the nine polyQ disease-related proteins have significantly longer repeat tracts in humans compared with mice (P < 0.002, see 'Materials and Methods' section), already in the healthy variants of the proteins (Figure 2A ). The length of the polyQ tract of most of the polyQ-containing proteins that are non-disease-related fall on the diagonal, suggesting an overall high conservation between human and mouse for polyQ proteins (R 2 = 0.77), further highlighting the nine polyQ disease-related proteins as evolutionarily unique.
As in the case of polyQ, there are also nine genes that encode for proteins with large poly-alanine repeat tracts, which are known to cause diseases when the poly-alanine tract is abnormally expanded (8) . But interestingly, by contrast to the polyQ-related proteins, the lengths of all polyalanine repeat tracts are conserved between mice and human ( Figure 2B ). Together, these data highlight the nine polyQ disease-related genes as evolutionarily distinct from other polyQ genes, as well as from poly-alanine related genes.
Genes that encode for proteins with amino-acid repeat tracts are highly bound As noted above, over 50 proteins in humans contain polyQ tracts of 10Qs or more, but these repeats are likely not expanded beyond the normal range. The selective expansion in the nine polyQ disease-related genes can be a result of a non-genetic characteristic of the genes, such as regulatory The fraction of genes with repeat length difference of <25% compared to human for every organism and for every one of the 6 most frequent AA repeats. This is likely an underestimate due to the sequencing quality of the non-human non-mouse genomes.
elements that can influence the stability of repeat tracts (4), or the epigenetic environment in general, which determines accessibility of transcription factors and other chromatin binding proteins. Therefore, we turned to chromatin structure to seek for a potential explanation for the selective instability of the nine polyQ disease-related genes in comparison to the other polyQ encoding genes.
In order to test whether the nine polyQ disease-related genes are characterized by a unique epigenetic landscape separating them from the other polyQ genes, we analysed their chromatin state in embryonic stem cells (ESCs), which reflect early embryonic stages. We used the BindDB database (28) , which contains ChIP-Seq datasets from more than 200 experiments for human and mouse ESCs. We defined groups of genes by the length and type of repeats in the genes/protein products, or according to expansion diseases. Using BindDB, we analysed the binding of transcription factors (TFs) and histone modifications (HMs) to promoter regions on several groups of genes in human ESCs. We first found that genes that encode for proteins with large poly-alanine or polyQ repeat tracts are bound by more TFs and enriched for a larger number of HMs compared to the rest of the genes ( Figure 3A and F) . This also characterized genes that encode for proteins with other AA repeat tracts (Figure 3 ). These results demonstrate that genes that encode AA repeat-containing proteins, (especially alanine, glycine, glutamine and serine) are highly bound, i.e. bound by a larger number of factors. 
Human polyQ disease-related genes have an active epigenetic profile
Next, we analysed the differences in binding to promoters of activators and repressors for each of the groups of genes we had defined. Examination of the TFs and HMs revealed that many of them generally correlate with each other. We therefore divided the HM and TFs into groups based on their similarity to H3K27me3, a well-known histone mark associated with repression and the Polycomb Repressor Complex II (PRC2). The first group consists of TFs and HMs most similar to H3K27me3 ( Figure 4A , black box, top left). This group contains mostly TFs and HMs associated with heterochromatin and repression (Supplementary Table S2 ), hereafter referred to as 'repressors'. The second group consists of TFs and HMs most distinct from H3K27me3 ( Figure 4A , blue box, bottom right), and, as expected, mostly contains TFs and HMs associated with transcription and activation (Supplementary Table S2 ), hereafter referred to as 'activators'. We then defined the epigenetic profile based on these two groups. For each set of genes, we calculated an epigenetic profile score based on the combined enrichment/depletion of these two groups (see 'Materials and Methods' section).
Given a group of genes, there are four types of possible profiles: 1. 'Bivalent': enrichment of both active and repressive marks; 2. 'Depleted': depletion of both active and repressive marks; 3. 'Super-Repressed': enrichment of repressive marks and depletion of active marks; and 4. 'SuperActive': enrichment of active marks and depletion of repressive marks. Accordingly, we examined these profiles for different gene sets in mouse and human ESCs.
In line with our previous findings (Figure 3 ), we found that human genes that encode for proteins with a long polyQ tract ( Figure 4B, middle) , as well as genes that encode for proteins with a long poly-alanine repeat tract (Figure 4C) , are characterized by a 'Bivalent' profile, i.e. highly enriched for both repressive (red bars) and active (blue bars) marks. This profile also characterized genes that encode for proteins with a long AA repeat tract of any type, as well as genes that contain a long TNR in their DNA sequence (Figure 4C) . For mouse genes, the corresponding AA repeat related gene groups, as well as genes that contain a long TNR in their DNA sequence, all showed a 'Bivalent' or a 'SuperRepressed' profile ( Figure 4D and E) .
Strikingly, the nine polyQ disease-related genes in human behave differently than all other sets of genes; these genes have a 'Super-Active' profile, enriched for active marks and depleted for repressive marks ( Figure 4B, left) . This is in contrast with the profile of these genes in mouse, where they are both active and repressive ( Figure 4D ). This was also in sharp contrast compared with the poly-alanine diseaserelated genes, which are characterized by a predominantly repressive profile, showing a 'Bivalent' profile for the human genes ( Figure 4B , right) and a 'Super-Repressed' profile for the mouse genes ( Figure 4D, right) . Permutation tests for significance revealed that the polyQ disease-related genes were significantly more depleted for repressors when compared to the genes that encode for proteins with a long polyQ tract not related to disease (P = 0.0016), as well as to genes that encode for long AA repeat (P = 0.0074), and to genes containing long TNR (P = 0.0046) (Supplementary Figure S2) . These results suggest that polyQ disease-related genes are unique, among all related groups of genes, in their 'Super-Active' profile. The results were robust to the groups' definition of repressors and activators ( Supplementary Figure S3) .
To test whether long repeat sequences are generally associated with a unique chromatin state, we examined the epigenetic profile of the nine genes with the longest glutamine repeat tract, which are not related to polyQ disease (Supplementary Table S3 ). The polyQ tracts encoded by these genes are longer than the repeat tracts of the nine polyQ disease-related genes in WT as a group (mean and median Human genes that encode for proteins with polyAA repeat tracts are highly bound in human ESCs. Shown is the fraction of genes from a defined group bound by a factor (y-axes), compared with the fraction of the rest of the genes, which are bound by that factor (x-axes). Each marker represents one factor. Black dashed line represents the 'expected by chance' y = x line. Red dashed lines represent 1.64 standard deviations (equivalent to P = 0.05) from the null hypothesis defined by the proportion test. The defined groups are genes that encode for proteins with repeat tract whose length is 10 or more of either glutamine (P = 2.3 × 10 −34 ), serine (P = 2.6 × 10 −14 ), glutamate (P = 0.00036), proline (P = 0.016), glycine (P = 5.9 × 10 −58 ) and alanine (P = 5.9 × 10 −58 ). length of repeat around 29Qs compared to 19Qs, respectively). We found that the epigenetic profile of these genes was slightly (non-significantly) depleted for activators and indistinguishable from the rest of the genome for repressors ( Figure 4F, middle) .
To further exclude the possibility that the Super-Active profile of the nine polyQ disease genes is merely an artifact of these genes being functionally important in hESCs and therefore expressed, we investigated the relative expression levels of these genes. While all nine polyQ disease genes are expressed above average in hESCs (Figure 5A ), the expression level of the nine longest polyQ encoding genes, which do not have a 'Super-Active' profile ( Figure 5B , orange crosses) was similar to the polyQ disease-related genes. In addition, when we examined the nine polyQ encoding genes with the most similar expression level compared to the nine polyQ disease-related genes, we found a 'Bivalent', but not a 'Super-Active', open chromatin structure ( Figure  4F, right) . Finally, the number of bound repressors was reversely correlated with repeat tract length in disease, a proxy to the tendency of repeat expansion (Supplementary Figure  S4) , pointing at a quantitative relation between the chromatin state and the expansion mutation rate of the gene.
These data suggest that unlike all other repeat-containing genes in mouse and human, and in contrast with other polyQ encoding highly expressed genes, the polyQ diseaserelated genes specifically possess an active epigenetic profile in ESCs. Such an active conformation may render them more prone for repeat expansions in early embryonic development.
DISCUSSION
We observed that the nine polyQ disease-related genes, in their WT form, are characterized by a unique epigenetic profile in human ESCs, characterized by both an open (depleted for heterochromatic marks) and an active (enriched for activation marks) state. This observation raises the hypothesis that the mechanism of repeat expansion is enhanced by this open, super-active state ( Figure 6 ). One potential direct consequence of the open chromatin structure of the polyQ disease-related genes is reduced protection from expansion type mutations. We hypothesize that suppressive chromatin marks may better protect against such mutations than active chromatin in the early embryo, rendering the nine polyQ disease-related genes prone for instability.
Supporting this idea, a recent study showed that the DNA:RNA hybrids, also known as R-loops, exist in vivo in WT hESC in the repeat-containing genes FMR1 and C9orf72 (33) . These R-loops are composed of DNA and a nascent RNA, and are thought to induce genome instability in G/C rich sequences (34, 35) . The highly active and open chromatin structure we observed in the nine polyQ disease , have an open chromatin structure that contributes to the expansion of CAG repeats. This is in contrast to the rest of the genes that encode for proteins with long polyQ repeat tracts that have a more closed chromatin structure, which is protected from these processes, therefore inhibiting these genes from repeat instability. Blue dots represent active histone marks and red dots represent repressive histone marks.
genes in healthy hESCs may further facilitate R-loops formation, which can further lead to repeat expansion. Interestingly, another recent work showed that most of the disease-associated short tandem repeats in the human genome are located at the boundaries between topologically associated domains (TADs) (36) . This characteristic, which is stable across different cell types during early human development, was shown to be disrupted in the FMR1 gene in Fragile X syndrome patients, which correlated with the silencing of that gene. Another study had revealed the absence of repressive marks in CAG expansions related genes (20) . We also provide exemplar density plots for the HM in their genomic coordinates for the polyQ disease-related gene ATXN7 and for another long polyQ-containing gene, which is not disease-associated, FOXP2 (Supplementary Figure S5) . This supports the notion that polyQ disease genes acquire the observed repressed heterochromatic structure only upon expansion to disease cases, while the normal form is much more open and active, as we hypothesize.
Expansion from WT to disease length is often attributed to slippage mutations. Slippage mutations occur in repetitive regions during replication due to the formation of secondary structures and the capacity of the two strands to anneal to one another in different places (37) . It is possible that the open chromatin allows the formation of those secondary structures more often than the repressed, closed heterochromatin. If this is indeed the case, the heterochromatin signature reported in TNR expansion disorders might serve as a protection mechanism from acquiring even more mutations (19) .
Our model provides explanations for several known unexplained observations. First, it explains why human genes that encode for proteins with poly-alanine repeat tracts normally have a similar number of repeats in human and mouse, as these genes have a repressive profile in both organisms, suggested to protect them from acquiring expansions during early embryonic stages. This contrasts with polyQ disease-related genes in humans, where the 'Super Active' profile provides less protection and allows the polyQ disease-related genes to acquire expansions over time in human but not in mouse. This also explains why other genes that encode for proteins with polyQ tracts in human do not undergo expansions, as their epigenetic profile is protective, preventing them from acquiring expansions in these early developmental stages. Germ line mutation and instability can be explained by our model as well, but the data to test open chromatin in those stages is not yet available.
In addition to explaining some of the more established observations, our model also provides a few testable predictions. First, as our model assumes that Super-Active state increases the probability for an expansion, we expect that genes, which have a Super-Active profile and contain CAG repeats, will have the potential to expand and eventually even cause a polyQ disease. Searching for such potential proteins, with a repeat tract size close to the threshold of the polyQ disease-related genes, yielded a few potential hits: PRDM10, BMP2k and NCOA3 with polyQ repeats, and SRP14 with poly-alanine repeats. Our model also predicts that other polyQ containing proteins may cause a late onset disease too should their repeat tract expand further. Taken together, we uncover a human-specific, uniquely 'open', epigenetic signature for the nine polyQ disease-related genes
